The characteristics and formation of a synoptic situation that causes a sudden turning motion of warm-sector mesoscale convective systems (MCSs) over South China are described, based on the collection and investigation of associated cases during April-June 2011-2017 using high-resolution observational data and ERA (ECMWF Re-Analysis)-Interim data. The results show that the blocking of a marked low-level high over eastern China (eastern high) on a strengthening low-level trough over southwestern China (southwestern trough) results in significant enhancement of southerly winds ahead of the trough, which produces a strong southeastward vertical wind shear at low levels near western Guangdong province. This low-level vertical wind shear results in sudden southeastward turning motion for the warm-sector MCSs entering into Guangdong province from Guangxi province. The formation of the eastern high is mainly attributable to the strong cyclonic wind anomaly over the northwestern Pacific Ocean, which continuously brings cold air from higher latitudes to eastern China, where high synoptic-scale transient anomaly of geopotential height (SSTA-GH) forms. This cyclonic wind anomaly is induced by a low SSTA-GH, which travels from the north and south sides of the Tibetan Plateau to the northwestern Pacific Ocean and develops significantly as a result of a strong upper-level low SSTA-GH coupling with it or approaching it. On the other hand, the high SSTA-GH over eastern China blocks the eastward extension of the low SSTA-GH originating from the Tibetan Plateau. Consequently, this low SSTA-GH turns to extend or move southeastward/southward to southwestern China, leading to intensification of the southwestern trough.
Introduction
The rainfall of the pre-flood rainy season (April-June) contributes more than 40% of the annual rainfall for South China, and warm-sector mesoscale convective systems (MCSs) have been indicated as the principal systems causing heavy or extreme rainstorms in this rainy season [1] [2] [3] [4] . Compared to frontal rainfall systems, warm-sector MCSs are harder to predict [5] , owing to difficulties in accurately capturing their initiation, development and motion.
Numerous studies have emphasized the important role of low-level jets (LLJs) in the initiation of MCSs over South China [6] , because of their significant effect on the enhancement of upward motion (e.g., References [7] [8] [9] ), moisture flux (e.g., References [10] [11] [12] ) and atmospheric instability (e.g., References [13] [14] [15] [16] ). On the other hand, the convergence induced by the differential surface friction between the land and sea and orographic uplift in the context of an LLJ have been shown observational data. The evolution characteristics of the synoptic situations for these cases are then analyzed to verify whether the synoptic situation of case 20140508 was typical in its cause of sudden turning motion of warm-sector MCSs, utilizing ERA (ECMWF Re-Analysis)-Interim data. Additionally, how this prevailing synoptic situation forms is worthy of further investigation, as it may provide some early signals for the cause of sudden turning motion of warm-sector MCSs. Thus, the discussion of the formation of such a synoptic situation is another important part of this study.
Following this introduction, Section 2 describes the data and methods used in our analysis. The characteristics and formation of the synoptic situation that causes sudden turning motion of warm-sector MCSs are analyzed and discussed in Sections 3 and 4, respectively, based on verification of the synoptic situation with collected cases. Conclusions and some further discussion are presented in Section 5.
Data and Methods
The provinces of Guangxi and Guangdong in South China (shaded areas in Figure 1a) , where multiple types of observations are available, are taken as the study area ( Figure 1b) . The dense network of automatic weather stations in these provinces, as well as the surrounding sea region (gray dots in Figure 1b ), provides observations of near-surface wind, temperature and rainfall, at 1-h time intervals, for analysis of the evolution of rainfall and near-surface wind and temperature. The observations of wind from L-band (L wave band) radiosonde stations (marked by circles in Figure 1b ) are used to analyze the vertical wind profile. The L-band radiosonde data are available at a vertical resolution of 5 m and valid at 08:00 and 20:00 Beijing Time. These data are resampled with a vertical resolution of 50 m, which is sufficient to characterize the vertical structure of wind. The radars in/nearby the study area (marked by rectangles in Figure 1b) , with reflectivity data at 0.5-h intervals, are utilized to provide composite mosaic radar reflectivity for analysis of the evolution of MCSs. All these observational data are provided by the China Meteorological Administration, and cover the months of April-June (the pre-flood rainy season in South China) for the period 2011-2017. Furthermore, daily ERA-Interim data [37, 38] , at a resolution of 0.75 • × 0.75 • and with the same time span, obtained from the publicly accessible website of the European Centre for Medium-Range Weather Forecasts (ECMWF) , are used to analyze the synoptic situation, including the mean sea level (MSL) and 850-and 500-hPa circulations.
All cases presenting sudden turning motion of MCSs during April-June 2011-2017 are preliminarily identified through analysis of the evolution of the hourly rainfall. These cases are then further confirmed by analyzing the evolution of the composite mosaic radar reflectivity. Furthermore, the distributions of the hourly near-surface temperature and wind assist by ensuring the MCSs are within the warm sector. The characteristics of MSL and 850-and 500-hPa circulations for these cases are then investigated. On this basis, cases with a similar synoptic situation to case 20140508 are ultimately identified. The main periods of these cases are shown in Table 1 . , radiosonde (circles) and radar (rectangles) stations in the provinces of Guangxi and Guangdong. The numbers "59431", "59265", "59280", "59293", "59316" and "59134" denote radiosonde station IDs.
All cases presenting sudden turning motion of MCSs during April-June 2011-2017 are preliminarily identified through analysis of the evolution of the hourly rainfall. These cases are then further confirmed by analyzing the evolution of the composite mosaic radar reflectivity. Furthermore, the distributions of the hourly near-surface temperature and wind assist by ensuring the MCSs are within the warm sector. The characteristics of MSL and 850-and 500-hPa circulations for these cases are then investigated. On this basis, cases with a similar synoptic situation to case 20140508 are ultimately identified. The main periods of these cases are shown in Table 1 . , radiosonde (circles) and radar (rectangles) stations in the provinces of Guangxi and Guangdong. The numbers "59431", "59265", "59280", "59293", "59316" and "59134" denote radiosonde station IDs. The L-band radiosonde data are utilized to estimate the motion vectors of the MCSs influenced by the synoptic situation of the studied cases, based on the vector-based method Atmosphere 2019, 10, 191 5 of 22 described in Corfidi et al. [34] . This vector-based method is suitable for estimating the motion of upwind-propagating (or back-building) MCSs, which are common among the cases studied here (see the composite mosaic radar reflectivity in Figure 2 ). The method involves three main vectors, called cell (C), system (S) and propagation (P) vectors (refer to Figure 1 in Corfidi et al. [34] ), which satisfy the relationship P = S − C. Based on observational analysis, Corfidi et al. [34] found that cells tend to move with the mean 850-300-hPa wind with respect to speed and direction. This was consistent with the observational studies of Brooks [39] and Byers and Battan [40] . On the other hand, the magnitude and direction of the propagation vector P are assumed to be equal and opposite to those of the LLJ, and the LLJ vector is defined as the maximum wind vector below 3.5 km. Based on these methods for calculating the cell and propagation vectors, the system motion vector S can be obtained. This vector runs parallel to the low-level shear, roughly between 1 and 3.5 km above MSL. The actual motion of a MCS is obtained by checking the evolution of composite mosaic radar reflectivity at 0.5-h intervals, focusing on the evolution of the location and orientation of the MCS. The orientation of a MCS is defined as the rough direction of the axis of intense convection area (larger than 20 dBz), which is indicated by the dashed lines in Figure 2 . These lines also help to mark the locations of the MCSs. The motion of a MCS is then obtained by comparing the locations of the MCS at two adjacent moments at 0.5-h intervals. In this way, the actual MCS motion is obtained and compared with the estimated MCS motion to verify the influence of the synoptic situation on the motion of the MCS.
Additionally, a decomposition method for regional-scale atmospheric transient anomalies, proposed by Qian [41] , is used to investigate the formation of the low-level anticyclone over eastern China and the intensification of the low-level trough over southwestern China, which were indicated as the key synoptic situation characteristics for the sudden turning motion of MCSs in case 20140508. As described in this decomposition method, atmospheric variables can be decomposed into four parts: the zonal time-average climate symmetric part, the time-average climate asymmetric part, the zonal-average transient symmetric anomaly, and the transient asymmetric anomaly. These parts are denoted by the right-hand terms of Equation (1):
Here, F(λ, ϕ, t) Y denotes the state of an atmospheric variable (geopotential height, wind, temperature, humidity, etc.) at longitude λ and latitude ϕ, and on day t of year Y. The denotation of [F t (ϕ)] is shown by Equation (2), which represents the zonal (1 <= λ <= P) and years' (1 <= τ <= N) average of F(λ, ϕ, t) at latitude ϕ and on day t. F * t (λ, ϕ) and [F(ϕ, t)] Y are obtained by subtracting [F t (ϕ)] from the years' and the zonal averages of F(λ, ϕ, t), respectively (Equations (3) and (4)). On this basis, the transient asymmetric anomaly
The transient asymmetric anomaly represents the regional-scale/synoptic-scale atmospheric transient anomaly, which has been proven to be a very useful parameter for the analysis and prediction of the early signal of a great number of synoptic events causing severe disasters, such as events of extreme temperature [42] , regional rainstorms [43] , snow-ice storms [44] , typhoons [45] , and tornados [46] . 
Characteristics of the Synoptic Situation Causing the Turning Motion of Mesoscale Convective Systems (MCSs)
All the cases featuring significant turning motion of warm-sector MCSs (simply MCSs hereafter) under a similar synoptic situation to case 20140508 during April-June 2011-2017 are listed in Table 1 . As mentioned previously, identification of these cases is based on analysis of the surface rainfall, temperature and winds, composite mosaic radar reflectivity, and ERA-Interim data. Many of the MCSs in these cases exhibit a transition from a symmetric line to an asymmetric MCS during their mature-to-dissipating stages (Figure 2 ), which is consistent with the life cycle of MCSs indicated by Loehrer and Johnson [47] . Along with this transition, the movement of MCSs in these cases is clearly illustrated. A sudden southeastward turning motion of MCSs is apparent in all these cases when the MCSs move into Guangdong province from Guangxi province. Owing to this southeastward turning motion, the orientation of the MCSs changes accordingly to southwest-northeast, which runs parallel to the coastline of Guangdong province. These changes in MCS motion and orientation lead to the migration of a large area of the rainstorm towards the coastal region of Guangdong province, where most modern cities in this province are located. Furthermore, the MCSs tend to move eastward (Figure 2a-c,i) or northeastward (Figure 2d -h) before they suddenly turn to move southeastward.
Regarding the similarity of the synoptic situations of these cases, the composite MSL and 850-and 500-hPa circulations are calculated and depicted in Figure 3 . The most common characteristics for these cases appear at 850 hPa, featuring a strong trough and a marked high over southwestern and eastern China (referred to as the southwestern trough and eastern high hereafter), respectively ( Figure 3(b 1 ,b 2 ) ). The eastern high evolves into an anticyclone in some cases (e.g., case 3) in which it is strong enough. The eastern high maintains its strength and blocks the southwestern trough from moving eastward. At the same time, the southwestern trough intensifies markedly. As a result, large geopotential height gradients and much larger associated winds occur ahead of the southwestern trough (according to the geostrophic wind relation), as well as a counterclockwise rotation of the orientation of these winds from southwesterly to southerly (Figure 3b 2 ) . A low center in the MSL pressure (MSLP) field forms correspondingly under the southwestern trough, while a high MSLP center occurs under the eastern high ( Figure 3(a 1 ,a 2 ) ). Corresponding to the intensification of the southwestern trough and the maintenance of the eastern high, the low MSLP center reinforces in southwestern China, while the high MSLP center strengthens and expands southwestward to South China (Figure 3a 2 ). Consequently, warm southerly (southwesterly or southeasterly) winds enhance near the surface of South China (Figure 3a 2 ). The enhancement of the southerly winds likely encourages the development of the MCSs during their southeastward motion, as these winds collide with the MCSs in a direction opposite to their movement. In contrast, the 500-hPa circulation exhibits no distinct change when the MCSs turn to move southeastward. Additionally, the trough and ridge shown in the 500-hPa circulation are weak over South China. These findings indicate that the sudden turning motion and development of the MCSs over South China in these cases are principally related to the evolution of the low-level circulation rather than the middle-or upper-level circulation. Regarding the similarity of the synoptic situations of these cases, the composite MSL and 850-and 500-hPa circulations are calculated and depicted in Figure 3 . The most common characteristics for these cases appear at 850 hPa, featuring a strong trough and a marked high over southwestern and eastern China (referred to as the southwestern trough and eastern high hereafter), respectively ( Figures. 3b1 and 3b2 ). The eastern high evolves into an anticyclone in some cases (e.g., case 3) in which it is strong enough. The eastern high maintains its strength and blocks the southwestern trough from moving eastward. At the same time, the southwestern trough intensifies markedly. As a result, large geopotential height gradients and much larger associated winds occur ahead of the southwestern trough (according to the geostrophic wind relation), as well as a counterclockwise rotation of the orientation of these winds from southwesterly to southerly (Figure 3b2) . A low center in the MSL pressure (MSLP) field forms correspondingly under the southwestern trough, while a high MSLP center occurs under the eastern high ( Figures. 3a1 and 3a2 ). Corresponding to the intensification of the southwestern trough and the maintenance of the eastern high, the low MSLP center reinforces in southwestern China, while the high MSLP center strengthens and expands southwestward to South China (Figure 3a2 ). Consequently, warm southerly (southwesterly or southeasterly) winds enhance near the surface of South China (Figure 3a2 ). The enhancement of the southerly winds likely encourages the development of the MCSs during their southeastward motion, as these winds collide with the MCSs in a direction opposite to their movement. In contrast, the 500-hPa circulation exhibits no distinct change when the MCSs turn to move southeastward. Additionally, the trough and ridge shown in the 500-hPa circulation are weak over South China. These findings indicate that the sudden turning motion and development of the MCSs over South China in these cases are principally related to the evolution of the low-level circulation rather than the middle-or upper-level circulation. As indicated in our previous case study [36] , the synoptic situation described above can result in a strong low-level vertical wind shear, which is the key factor causing the sudden turning motion of MCSs. To verify whether all the cases here feature a significant low-level vertical wind shear vector favorable for the turning motion of MCSs, the vertical wind profiles and their evolution near the motion path of the MCSs are shown in Figures 4 and 5, respectively. As the observation of the vertical wind profiles are at 12-h intervals, they are not able to be used to verify the actual motion of the MCSs at 0.5-h intervals which are shown in Figure 2 . Instead, they are used to verify the overall motion evolution of the MCSs under the studied synoptic situation, that is, whether they exhibit a marked change of low-level vertical wind shear for the motion of MCSs from eastward/northeastward to southeastward. As shown in Figure 4 , an LLJ occurring ahead of the southwestern trough (Figures 3b1 and 3b2 ) is a principal feature for all cases. Particularly, the LLJ center mainly prevails over western Guangdong province where radiosonde stations "59265" and "59280" are located (Figures 1b and 4) . As pointed out by Corfidi et al. [34] , the propagation vector P of an MCS is equal in magnitude and opposite in direction to the LLJ. Thus, the motion of MCSs will be affected by the LLJ when they move into Guangdong province from Guangxi province. Furthermore, a sudden southeastward turning motion of MCSs requires a more southerly LLJ, which we demonstrated in our previous study ( Figure 8 in Liang et al. [36] ). In this regard, hodographs of the radiosonde station near the motion paths of MCSs before (black dots) and after (red dots) their turning motion are shown and compared in Figure 5 for each case. Basically, a As indicated in our previous case study [36] , the synoptic situation described above can result in a strong low-level vertical wind shear, which is the key factor causing the sudden turning motion of MCSs. To verify whether all the cases here feature a significant low-level vertical wind shear vector favorable for the turning motion of MCSs, the vertical wind profiles and their evolution near the motion path of the MCSs are shown in Figures 4 and 5 , respectively. As the observation of the vertical wind profiles are at 12-h intervals, they are not able to be used to verify the actual motion of the MCSs at 0.5-h intervals which are shown in Figure 2 . Instead, they are used to verify the overall motion evolution of the MCSs under the studied synoptic situation, that is, whether they exhibit a marked change of low-level vertical wind shear for the motion of MCSs from eastward/northeastward to southeastward. As shown in Figure 4 , an LLJ occurring ahead of the southwestern trough ( Figure 3(b 1 ,b 2 ) ) is a principal feature for all cases. Particularly, the LLJ center mainly prevails over western Guangdong province where radiosonde stations "59265" and "59280" are located (Figures 1b and 4) . As pointed out by Corfidi et al. [34] , the propagation vector P of an MCS is equal in magnitude and opposite in direction to the LLJ. Thus, the motion of MCSs will be affected by the LLJ when they move into Guangdong province from Guangxi province. Furthermore, a sudden southeastward turning motion of MCSs requires a more southerly LLJ, which we demonstrated in our previous study ( Figure 8 in Liang et al. [36] ). In this regard, hodographs of the radiosonde station near the motion paths of MCSs before (black dots) and after (red dots) their turning motion are shown and compared in Figure 5 for each case. Basically, a significant reinforcement of southerly winds is apparent below 3.5 km (open circles in Figure 5 ) for all cases during the periods of southeastward turning motion of MCSs. This is consistent with the result shown in the evolution of 850-hPa circulation ( Figure 3(b 1 ,b 2 ) ), which indicates that the strengthening of the southwestern trough and the blocking of the eastern high on the trough significantly promote the occurrence of strong southerly winds ahead of it. In addition, the motion vectors of the MCSs (black and red vectors in Figure 5 ) are calculated using the vector-based method described in Section 2. A clockwise rotation of the motion vector of the MCSs (compare the red and black vectors in Figure 5 ) is obvious for all cases, because of the reinforcement of southerly winds ahead of the southwestern trough. This rotation of the MCS motion vector corresponds to the southeastward turning motion of the MCSs. This analysis verifies that the synoptic situation characterized by intensification of the southwestern trough and blocking of the eastern high on the trough is a synoptic situation that can lead to a sudden turning motion of MCSs over South China, owing to a strong southeastward MCS motion vector provoked by the reinforcement of southerly winds ahead of the southwestern trough. Furthermore, the turning motion of the MCSs generally occurs when they move into Guangdong province, as the reinforcement of southerly winds ahead of the southwestern trough principally happens over the boundary area between Guangxi and Guangdong provinces and western Guangdong province under this synoptic situation.
In addition, the enhancement of southerly winds associated with the intensification/maintenance of the southwestern trough and the eastern high greatly improve the water vapor flux over South China (see the departures of low-level winds and water vapor fluxes in Figure 6 ), which largely favors the development of MCSs during their turning motion. The increase in water vapor flux is attributable to the enhancement of southwesterly winds ahead of the southwestern trough for most of the cases (Figure 6a,b,d-f,h,i) , and the enhancement of southeasterly winds relates to the reinforcement of the eastern high in some cases (Figure 6c,g ). water (Figures 6a-6b, 6d-6f and 6h-6i) , and the enhancement of southeasterly winds relates to the reinforcement of the eastern high in some cases (Figures 6c and  6g ). 
Formation of the Synoptic Situation Causing Turning Motion of MCSs
The above results indicate that the southwestern trough and the eastern high are the main synoptic ingredients for the sudden turning motion of MCSs over South China. The southwestern trough is a common synoptic ingredient during the April-June period, as indicated by the 10-yr (2008-2017) average of low-level circulation in this period for each case (contours in Figure 7 ). The formation of the southwestern trough is believed to be the result of the southern branch of westerlies flowing around the Yunnan-Guizhou Plateau (the southeast corner of the gray-shaded area in Figure 7) . However, the eastern high is not universally and significantly shown in the 10-yr average of low-level circulation during the April-June period (contours in Figure 7 ). Regarding Equation (1), taking F as the circulation (geopotential height), the 10-yr average of low-level circulation is actually the sum of the parts [F t (ϕ)] and F * t (λ, ϕ). Additionally, [F(ϕ, t)] Y represents the zonal-average circulation and cannot capture the local system. Thus, it can be inferred that the formation of the eastern high is associated with the evolution of the remaining part of the circulation; that is, the synoptic-scale transient anomaly F λ, ϕ, t) * Y . Incidentally, the cause of the intensification of the southwestern trough can be analyzed by the evolution of the synoptic-scale transient anomaly.
synoptic ingredients for the sudden turning motion of MCSs over South China. The southwestern trough is a common synoptic ingredient during the April-June period, as indicated by the 10-yr (2008-2017) average of low-level circulation in this period for each case (contours in Figure 7) . The formation of the southwestern trough is believed to be the result of the southern branch of westerlies flowing around the Yunnan-Guizhou Plateau (the southeast corner of the gray-shaded area in Figure 7) . However, the eastern high is not universally and significantly shown in the 10-yr average of low-level circulation during the April-June period (contours in Figure 7 ). Regarding Equation (1) In Figure 7 , the synoptic-scale transient anomaly of low-level geopotential height (SSTA-GH; color-shaded) is overlaid with the 10-yr average low-level geopotential height (shortened to YA-GH hereafter; contours) for each case. A low-high-low pattern of SSTA-GH from southwestern China to the northwestern Pacific Ocean is basically shown near the period of sudden turning motion of MCSs for all cases. Regarding this pattern of SSTA-GH, southwestern China and the northwestern Pacific Ocean are significantly influenced by low SSTA-GH (denoted by "L2" and "L1" in Figure 7 ), while eastern China is mostly controlled by high SSTA-GH (denoted by "H" in Figure 7 ). The occurrence of low SSTA-GH over southwestern China and high SSTA-GH over eastern China is in good accordance with the intensification of the southwestern trough and the maintenance or development of the eastern high. This indicates that SSTA-GH is the key factor leading to the formation of the synoptic situation analyzed in Section 3.
Given this finding, a further question regarding the source of these low and high SSTA-GHs naturally arises. Investigation of the evolution of SSTA-GH reveals that the development of the high SSTA-GH "H" over eastern China is associated with the evolution of the low SSTA-GH "L1" over the northwestern Pacific Ocean. The development of the low SSTA-GH "L1" induces a strong cyclonic wind anomaly, which continuously brings cold air from higher latitudes (larger than 40 • N) to eastern China (near 30 • N) , where the high SSTA-GH "H" ultimately forms (Figures 8 and 9) . A tongue-shaped high SSTA-GH extending from North/Northeast Asia to eastern China also demonstrates this conclusion from another point of view. Once the high SSTA-GH "H" forms near eastern China, it acts like a barrier preventing the eastward extension/movement of the low SSTA-GH from the Tibetan Plateau ("L2" in Figure 10 ). As a result, the low SSTA-GH "L2" extends southward/southeastward from the Tibetan Plateau to southwestern China (see the vectors in Figure 10 ), along with a significant development, which ultimately leads to the formation of the low SSTA-GH "L2" over southwestern China (in Figure 7) . This indicates that the formation of the low SSTA-GH "L2" over southwestern China is assisted by the blocking effect of the high SSTA-GH "H" over eastern China. The above findings indicate that the formation of the low and high SSTA-GHs over southwestern and eastern China constitute a chain reaction leading to the development of the low SSTA-GH "L1" over the northwestern Pacific Ocean. Therefore, the source and development of the low SSTA-GH "L1" are worthy of further discussion. The motion paths of the low SSTA-GH "L1" for all cases are exhibited in Figure 11 , based on the track of their past locations using the ERA-Interim data at 6-h intervals. Apparently, there are two types of motion path for the low SSTA-GH "L1". One of them shows the low SSTA-GH "L1" as deriving from the north side of the Tibetan Plateau, as in cases 1, 2, 4, 5, 7 and 9 ( Figure 11a) . The other type indicates initiation in the southeast corner of the Tibetan Plateau, and movement northeastward to the northeastern Pacific Ocean, as in cases 2, 6 and 8 (Figure 11b) . The intersection point of these two types of motion path is located near eastern China. These motion paths are mainly present in good accordance with the flow lines of the 10-yr average of low-level circulation (contours in Figure 7 ), which are separated into northern and southern branches by the Tibetan Plateau and ultimately converge near eastern China. The motion paths along the southern branch of the low-level mean flow generally reach higher latitudes than those along the northern branch of the low-level mean flow (compare Figure 11a,b) . This is because the low SSTA-GH from the southern branch of the low-level mean flow needs the assistance of the flows ahead of the strong trough over Northeast Asia to get to high latitudes (Figure 7b,f,h) , where it can drag cold air of high latitudes southward to eastern China. With the effect of the southwesterly flows ahead of the trough, the low SSTA-GH could go further north. Whereas, it is relatively easy for the low SSTA-GH from the northern branch of the low-level mean flow to bring the cold air of high latitudes to eastern China, as it comes from the north. Consequently, the high SSTA-GH over eastern China has already formed when the low SSTA-GH from the north moves to behind (west of) the bottom of the trough over Northeast Asia (Figure 7a,c-e,g,i) . The above findings indicate that the formation of the low and high SSTA-GHs over southwestern and eastern China constitute a chain reaction leading to the development of the low SSTA-GH "L1" over the northwestern Pacific Ocean. Therefore, the source and development of the low SSTA-GH "L1" are worthy of further discussion. The motion paths of the low SSTA-GH "L1" for all cases are exhibited in Figure 11 , based on the track of their past locations using the ERA-Interim data at 6-h intervals. Apparently, there are two types of motion path for the low SSTA-GH "L1". One of them shows the low SSTA-GH "L1" as deriving from the north side of the Tibetan Plateau, as in of the flows ahead of the strong trough over Northeast Asia to get to high latitudes (Figures. 7b, 7f  and 7h) , where it can drag cold air of high latitudes southward to eastern China. With the effect of the southwesterly flows ahead of the trough, the low SSTA-GH could go further north. Whereas, it is relatively easy for the low SSTA-GH from the northern branch of the low-level mean flow to bring the cold air of high latitudes to eastern China, as it comes from the north. Consequently, the high SSTA-GH over eastern China has already formed when the low SSTA-GH from the north moves to behind (west of) the bottom of the trough over Northeast Asia (Figures 7a, 7c, 7d-7e, 7g and 7i) . Figure 11 . Motion paths (a: southeastward; b: northeastward) of the low SSTA-GH "L1" (shown in Figure 7 ) for cases 1-9. The dots or pluses indicate the locations of the low SSTA-GH "L1" at 6-hour intervals, and the numbers indicate the moments (units: hours) before MCSs turned to move southeastward. The gray-shaded area are Tibetan Plateau.
On the other hand, the development of the low SSTA-GH "L1" is another essential factor in the introduction of the cold air of high latitudes to eastern China. The evolution of the low SSTA-GH Figure 11 . Motion paths (a: southeastward; b: northeastward) of the low SSTA-GH "L1" (shown in Figure 7 ) for cases 1-9. The dots or pluses indicate the locations of the low SSTA-GH "L1" at 6-h intervals, and the numbers indicate the moments (units: hours) before MCSs turned to move southeastward. The gray-shaded area are Tibetan Plateau.
On the other hand, the development of the low SSTA-GH "L1" is another essential factor in the introduction of the cold air of high latitudes to eastern China. The evolution of the low SSTA-GH "L1" in the cases studied here show that the low SSTA-GH "L1" enhances distinctly after it enters into the northwestern Pacific Ocean (figure not shown). With regard to this finding, the evolution of upper-level low SSTA-GH is additionally investigated. The reason for the consideration of the upper-level low SSTA-GH is that it can basically clarify whether the low-level low SSTA-GH "L1" enhances by itself or because of other external factors. Figure 12 depicts the evolution of the low-level (850 hPa) and upper-level (300 hPa) low SSTA-GHs over East Asia. We can see that significant upper-level low SSTA-GH (rectangle in Figure 12 ) occurs near or over the low-level SSTA-GH "L1" (circle in Figure 12) when the low-level low SSTA-GH "L1" enters into the northwestern Pacific Ocean, except in case 5. This upper-level low SSTA-GH does not form because of the vertical development of the low-level low SSTA-GH "L1". Instead, it travels from North or Northeast Asia, in general (compare Figure 12(a 2 -d 2 ) to Figure 12(a 1 -d 1 ) , and Figure 12 (f 2 -i 2 ) to Figure 12(f 1 -i 1 ) ). This suggests that the significant development of the low-level low SSTA-GH is mostly attributable to a strong upper-level low SSTA-GH coupling with it or approaching it. Figure 12) when the low-level low SSTA-GH "L1" enters into the northwestern Pacific Ocean, except in case 5. This upper-level low SSTA-GH does not form because of the vertical development of the low-level low SSTA-GH "L1". Instead, it travels from North or Northeast Asia, in general (compare Figures 12a2-12d2 to 12a1-12d1, and 12f2-12i2 to 12f1-12i1) . This suggests that the significant development of the low-level low SSTA-GH is mostly attributable to a strong upper-level low SSTA-GH coupling with it or approaching it. Figure 7) , and the rectangles indicate the locations of the low SSTA-GH at 300 hPa associated with the intensification of "L1".
SSTA-GH "L1" (circle in

Conclusions and Discussion
The formation mechanism of rainstorms caused by warm-sector MCSs is unclear, principally owing to insufficient understanding of their initiation, organization and motion. The initiation and Figure 12 . Evolution of low SSTA-GH (units: gpm) at 850 (color-shaded) and 300 (contours) hPa for cases 1-9 (a-i). The numbers labeled in the bottom-left corner of each panel are the moments (units: hours) before MCSs turned to move southeastward. The circles indicate the locations of the low SSTA-GH "L1" at 850 hPa (shown in Figure 7) , and the rectangles indicate the locations of the low SSTA-GH at 300 hPa associated with the intensification of "L1".
The formation mechanism of rainstorms caused by warm-sector MCSs is unclear, principally owing to insufficient understanding of their initiation, organization and motion. The initiation and organization of warm-sector MCSs has been investigated in numerous studies. In contrast, analysis of the motion of warm-sector MCSs is in its infancy. A previous case study [36] found a synoptic situation that led to a sudden southeastward turning motion of warm-sector MCSs, which completely changed the heavy rainfall distribution and produced a large area of strong rainfall over the coastal region of Guangdong province. This synoptic situation has not been mentioned before as a characteristic situation that can result in a sudden turning motion for the MCSs entering into Guangdong province from Guangxi province. In the present study, multiple types of observations and ERA-Interim data, are used to collect all cases during April-June (the pre-flood rainy season) 2011-2017 featuring a similar synoptic situation to verify whether it is a common synoptic situation causing sudden turning motion of warm-sector MCSs, by analyzing the characteristics of the evolution of this synoptic situation and its resultant vertical wind shear. Furthermore, the formation of the synoptic situation is discussed by investigating the evolution of the synoptic-scale transient anomaly. The major findings can be summarized as follows.
A synoptic situation, featured with a strong low-level trough over southwestern China (southwestern trough) with increasing strength and a marked low-level high/anticyclone forming and maintaining over eastern China (eastern high), can cause a suddenly southeastward turning motion of warm-sector MCSs ( Figure 13(b 2 ,c 2 ) ). The blocking of the eastern high on the intensifying southwestern trough results in a significant enhancement and counterclockwise rotation (from southwesterly to southerly) of the winds ahead of the southwestern trough ( Figure 13(b 1 ,b 2 ) ). This reinforcement of southerly winds at low levels produces a distinct southeastward motion vector which leads to the sudden turning motion of warm-sector MCSs. The reinforced southerly winds also favor the development of MCSs during their turning motion by enhancing the water vapor transportation. Furthermore, the sudden turning motion of MCSs generally occurs when they enter into Guangdong province from Guangxi province ( Figure 13(c 1 ,c 2 ) ), as the boundary area between these two provinces is basically located ahead of the southwestern trough.
Atmosphere 2019, 10, x FOR PEER REVIEW 22 of 25 Figure 13 . Schematic illustration of how (a1-a2) the evolution of SSTA (color-shaded) and climatic average (contours) of geopotential height impact (b1-b2) that of the complete geopotential height field (contours) at low levels, which promoted warm-sector MCSs to move suddenly from (c1) eastward/northeastward to (c2) southeastward when they entered Guangdong (GD) province from Guangxi (GX) province. "L" and "H" indicate the low and high value centers of geopotential height, respectively, while "L1'/L2'/U'" and "H'" indicate the low and high SSTA-GHs, respectively. The arrows indicate the (a1-a2 and b1-b2) flows or (c1-c2) MCS motion directions.
These findings indicate that the low-level mean flows affected by the Tibetan Plateau over East Asia determine the motion path of the low-level synoptic-scale transient anomaly, which provides a precondition for the chain reaction leading to the formation of the eastern high and the intensification of the southwestern trough. The southwestern trough also forms as a result of the low-level southern mean flows moving around the southeast corner of the Tibetan Plateau. This demonstrates that the Tibetan Plateau plays an important role in the formation of the synoptic situation that causes a sudden turning motion of warm-sector MCSs over South China. Additionally, an early signal of the formation of this type of synoptic situation cannot be seen clearly from the full Figure 13 . Schematic illustration of how (a 1 -a 2 ) the evolution of SSTA (color-shaded) and climatic average (contours) of geopotential height impact (b 1 -b 2 ) that of the complete geopotential height field (contours) at low levels, which promoted warm-sector MCSs to move suddenly from (c 1 ) eastward/northeastward to (c 2 ) southeastward when they entered Guangdong (GD) province from Guangxi (GX) province. "L" and "H" indicate the low and high value centers of geopotential height, respectively, while "L1'/L2'/U'" and "H'" indicate the low and high SSTA-GHs, respectively. The arrows indicate the (a 1 -a 2 and b 1 -b 2 ) flows or (c 1 -c 2 ) MCS motion directions.
The southwestern trough (denoted by "L2" in Figure 13(a 1 ,a 2 ,b 1 ,b 2 ) ) is a common synoptic ingredient during the pre-flood rainy season, whereas the formation of the eastern high requires appropriate environmental conditions. Analysis of the evolution of the synoptic-scale transient anomaly indicates that the intensification of the southwestern trough and the formation or maintenance of the eastern high constitute a chain reaction that leads to a significantly low synoptic-scale transient anomaly of geopotential height (SSTA-GH) over the northwestern Pacific Ocean next to eastern China (denoted by the shaded area L1' in Figure 13a 2 ). The low SSTA-GH over the northwestern Pacific Ocean mainly comes from the northern and southern branches of the low-level mean flows that are separated by Tibetan Plateau and converge over eastern China (see the evolution of the shaded area L1' in Figure 13(a 1 ,a 2 ) ). A significant development occurs when it arrives in the northwestern Pacific Ocean, because of a strong upper-level low SSTA-GH (denoted by the dashed ellipse area U' in Figure 13(a 1 ,a 2 ) ) from North or Northeast Asia coupling with it or moving close to it. Consequently, notable cyclonic wind anomalies caused by this low SSTA-GH continuously bring cold air from high latitudes to eastern China (denoted by the shaded area H' in Figure 13a 2 ), leading to the formation of the eastern high. The high SSTA-GH over eastern China then blocks the eastward extension of the low SSTA-GH originating from the Tibetan Plateau (denoted by the shaded area L2' in Figure 13a 2 ), which turns to move southeastward/southward and reinforces the southwestern trough.
These findings indicate that the low-level mean flows affected by the Tibetan Plateau over East Asia determine the motion path of the low-level synoptic-scale transient anomaly, which provides a precondition for the chain reaction leading to the formation of the eastern high and the intensification of the southwestern trough. The southwestern trough also forms as a result of the low-level southern mean flows moving around the southeast corner of the Tibetan Plateau. This demonstrates that the Tibetan Plateau plays an important role in the formation of the synoptic situation that causes a sudden turning motion of warm-sector MCSs over South China. Additionally, an early signal of the formation of this type of synoptic situation cannot be seen clearly from the full field of circulation. In contrast, the synoptic-scale transient anomaly of circulation shows a more conspicuous signal. In this respect, the construction of a set of synoptic-scale perturbation prognostic equations may be useful for forecasting the evolution of this synoptic situation, an approach that has already been proven feasible by Du and Qian [48] . 
